By treating CP-violating interaction of the electroweak bubble wall as a perturbative term, chiral charge flux through the bubble wall is estimated. It is found that the absolute value of the flux F Q has a sharp peak at m 0 ∼ a ∼ T with
Introduction
Provided that the electroweak phase transition is first order with the bubble formation 1)2) , a fermion gets a complex mass through the transition in the presence of CP violation: m(z) = m R (z) + im I (z) ≡ m 0 (f (z) + ig(z)), where z is the coordinate perpendicular to the wall, f (z) gives the profile of the wall, m 0 is the fermion mass at the temperature in question, and the imaginary term g(z) yields CP violation necessary for baryogenesis 3) .
In a previous paper, we have examined fermion scattering off the CP-violating bubble wall by treating g(z) as a perturbative term, and have derived the CP-violating effect ∆R ≡ R s R→L −R s R→L ∝ ∆θ in the kink-type background of f (z) = (1 + tanh(az))/2 (distorted wave Born approximation-DWBA) 4) † . Here R s R→L (R s R→L ) is the reflection coefficient for the right-handed fermion (anti-fermion) incident from the symmetric phase region and reflected as the left-handed one, and ∆θ is the measure of CP-violation.
| ∆R | is found to decrease exponentially as a/m 0 decreases, where 1/a is the thickness of the bubble wall.
† † This means that, given 1/a, the heavier fermion whose Compton wave length is less than the wall thickness gives the smaller contribution to | ∆R |. In other words, a large Yukawa coupling does not necessarily cause a large effect of CP violation in electroweak baryogenesis.
In this paper, we analyze the chiral charge flux F Q ∝ ∆θ just in front of the bubble wall in the symmetric phase region. F Q is given by integrating ∆R weighted by the fermion flux densities in Sec.2. In Sec.3 numerical estimates of F Q are given. F Q has a sharp peak at m 0 ∼ a ∼ T , where T is the temperature at which the bubbles are growing. At the peak we find 
Chiral Charge Flux through Bubble Wall
Suppose that a left(right)-handed fermion of the species i with chiral charge Q i L(R) , which is conserved in the symmetric phase, is incident to the wall from the symmetric phase region. The change of the expectation value of the chiral charge in the symmetric phase region, which has been brought by the reflection and transmission of the fermions, is given by
The notations would be obvious: T 's are the transmission coefficients and f s L(R) is the left(right)-handed fermion flux density in the symmetric phase region, andf s L = f s R has been taken into account. Making use of unitarity relations examined in I, we obtain
where f s i ≡ (1/2)(f s Li + f s Ri ) and T (0) is the transmission coefficient in the absence of CP violation. Note that
and ∆f
. In a similar way to (2.1), the change of the expectation value of the chiral charge brought by the transmission of the fermions incident from the broken phase region is
In addition to unitarity relations in the broken phase region,
the following reciprocity relations hold 5) :
Thanks to these relations, we obtain
where p L is the longitudinal momentum of the fermions to the bubble wall. Putting all these together, the chiral charge flux just in front of the wall in the symmetric phase region is given by
Here 9) are the fermion flux densities in the symmetric and broken phase regions respectively, u is the wall velocity,
T , p T being the transverse momentum of the fermions along the wall. ∆R is defined in (2.3). In (2.8) we have ignored the effect of CP violation on the fermion flux densities (the second terms in (2.2) and (2.7).
See the discussions in Sec.4).
Numerical Estimates of Chiral Charge Flux
Let the fermion mass be
We take the kink-type profile of the wall with the thickness 1/a: , we need to specify the model, to calculate the effective potential and to solve the equations of motion with an appropriate boundary condition which is consistent with experiments. This will be very important but difficult process to estimate the baryon asymmetry quantitatively. We do not execute this program here but assume two forms of g(x) to evaluate the chiral flux. Note that it is g ′ (x), not g(x) itself, that contributes to ∆R as a factor of the integrand of it. †
In the first case, g(x) is related to the real part f (x) in a simple manner:
(a) g(x) = ∆θ f n (x) with n = 2. † †
In the second case, g ′ (x) has the same thickness with that of f (x) and tends to zero (b) g ′ (x) = ∆θ sech(x), the CP-violating range being equal to the wall thickness.
These are free from any restriction from experiments, and give large | ∆R/∆θ |. The hypercharge density n Y is expressed by the chemical potential µ Y as
where m is the number of Higgs doublets. The transformed baryon density ρ B in the symmetric phase region is obtained by integrating the detailed balance equation,
where Γ B is the sphaleron transition rate. Considering that n(z, t) depends only on the distance from the wall in the rest frame of it, we put n(z, t) = n(z − ut) ≡ n(z ′ ). Then,
The last integral is estimated as
where τ i is the transport time within which the scattered fermions are captured by the
If τ i is given by D i /u with the diffusion constant D i 6)7) , it is estimated from 6) where the entropy density is given by s = 2π 2 g * T 3 /45 with g * ≃ 100.
As we saw in the previous section, Now some comments are in order.
(1) D i could be estimated from the Boltzmann equations and is expected to be
where l i is the mean free path of the fermion. But there is a suggestion of an enhancement of τ by a factor of O(10 3 ) due to the forward multiple scattering effects 3) .
If so, this leads to 9) and would be able to explain the observed value.
(2) As u → 0, ρ B in (4.6) diverges because τ i (= D i /u) → ∞. However, physical considerations suggest that the limit u → 0 leads to a contradiction to the nonequilibrium condition. Some discussions were made that there is a cutoff velocity u min ∼ 10 −4 − 10 −2 7)9) and that ρ B → 0 as u → 0 at u < u min . In conclusion, we need to obtain the profile of the bubble wall and, in particular, the functional form of θ(x, t) in order to estimate F i Y quantitatively, which is the basic quantity in any scinario of electroweak baryogenesis. 
